potentials in synchrony with repetitive presynaptic stim-
Figure 1. Modification of GABAergic Synapses by Coincident Pre-and Postsynaptic Activity
(A) Example recording of GPSC amplitudes before and after repetitive presynaptic stimulation paired with postsynaptic spiking (5 Hz, 30 s, marked by the arrow). Data points are GPSC amplitudes normalized to the mean value before repetitive stimulation (dotted line). Each point is the average of all data obtained in a 1 min bin. The spike-timing interval between the onset of the GPSP and the peak of the postsynaptic action potential was ϩ10 ms (see boxed inset for a sample trace during stimulation, scales: 100 mV, 10 ms). Traces below (left) depict samples of GPSCs before (1) and after (2) the coincident stimulation, as well as overlapped traces of these samples after scaling (scales: 30 pA, 5 ms). (B) Summary of all experiments on the effect of coincident activity similar to (A), with the spike-timing interval within Ϯ20 ms. Data shown are the average GPSC amplitudes (ϮSEM), normalized for data from each experiment before averaging, in the absence (circles, amphotericin, n ϭ 24; diamonds, gramicidin, n ϭ 6) and the presence of D-APV (25 m) and CNQX (15 m) (squares, n ϭ 13). Control experiments where no coincident stimulation was given showed no significant change in the GPSC amplitude (triangles, p ϭ 0.13, n ϭ 8). (C) Summary of all experiments similar to those shown in (A), except that postsynaptic spikes were initiated more than 50 ms before or after the onset of GPSPs (circles, amphotericin, n ϭ 19; diamonds, gramicidin, n ϭ 6). (D) Summary of all experiments similar to (C), except that the postsynaptic neuron was not stimulated (circles, amphotericin, n ϭ 11; diamonds, gramicidin, n ϭ 5).
relative to presynaptic activation varied from 0 to Ϯ90 access resistance during long-term recordings with gramicidin, further experiments were performed with ms ( Figure 1A , inset). We found a persistent increase in the amplitude of GPSCs (voltage clamped between Ϫ65 amphotericin B perforation (150-220 g/ml). Since amphotericin B is partially permeable to Cl Ϫ , experiments to Ϫ85 mV) when repetitive postsynaptic spiking occurred within 20 ms before or after the onset of the began only when control recordings ensured a steadystate [Cl Ϫ ] i was established. In the latter experiments, GABAergic postsynaptic potentials (GPSPs) ( Figures 1A  and 1B) . The changes in the GPSC amplitude induced by coincident pre-and postsynaptic spiking within Ϯ20 ms also produced a significant persistent increase in the coincident activity averaged 24.2% Ϯ 4.0%, a significant difference compared to baseline control values (p Ͻ GPSC amplitude (26.4% Ϯ 5.1%; p Ͻ 0.001, n ϭ 24; Figure 1B ). No significant differences were observed 0.001, unpaired two-tailed Student's t test; n ϭ 6; Figure  1B ). Experiments where no spike-timing induction probetween results obtained using either amphotericin B or gramicidin (p ϭ 0.3, unpaired two-tailed Student's tocol was given showed no significant change in GPSC amplitude over the same duration (p ϭ 0.13, n ϭ 8; t test). Furthermore, coincident pre-and postsynaptic activation also induced similar significant increases in Figure 1B ). Due to the difficulty in obtaining stable change during the control period. However, after coincident pre-and postsynaptic activity, E GPSC shifted toward more depolarizing values, consistent with the increase GPSC amplitude in the presence of 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX, 15 M) or D-2-amino-5-phosin the GPSC amplitude, with no obvious change in slope conductance ( Figures 3A 1 , 3A 2 , and 3C). This shift in phopentanoic acid (D-AP5, 25 M; 25.2% Ϯ 9.2%, p Ͻ 0.001; n ϭ 13; Figure 1B) , antagonists for the AMPA and E GPSC was statistically significant when compared to the shift in E GPSC for noncoincident, presynaptic-only, or NMDA subtype of glutamate receptors, respectively. There was no significant difference in the amount GPSC postsynaptic-only protocols (p ϭ 0.002, one-way ANOVA followed by Scheffe pairwise comparison). amplitudes increased between experiments performed in the absence or presence of the glutamate antagonists Since GPSC amplitudes during the control period were monitored with the postsynaptic neuron voltage (p ϭ 0.3). Thus, glutamatergic transmission is not necessary for the observed changes in GABAergic transmisclamped below the E GPSC , the shift toward more positive levels following coincident activity led to an increase in sion, although glutamatergic transmission is normally responsible for initiating the spiking of the postsynaptic the driving force for synaptic currents and, thus, an increase in the GPSC amplitude. cell in vivo.
When repetitive postsynaptic spiking was initiated at In contrast to the above observations, we found no significant change in either E GPSC or the slope conduca time more than 50 ms before or after the onset of GPSPs (termed "noncoincident spiking"), a small but tance when the interval between pre-and postsynaptic spiking was outside the interval of Ϯ50 ms (p Ͼ 0.05; significant reduction in the GPSC amplitude was found (gramicidin: Ϫ13.2% Ϯ 7.6%, p Ͻ 0.001, n ϭ 6; amphoFigures 3B 1 , 3B 2 , and 3C). Furthermore, repetitive spiking of either the pre-or postsynaptic neuron alone (at tericin B: Ϫ8.1% Ϯ 3.7%, p Ͻ 0.001, n ϭ 19; no significant difference between the two data sets, p ϭ 0.2, 5 Hz, 30 s) had no significant effect on E GPSC (p Ͼ 0.05; Figure 3C ). Interestingly, repetitive presynaptic stimulaunpaired two-tailed Student's t test; Figure 1C ). In addition, repetitive stimulation of the presynaptic neuron tion alone resulted in a significant reduction of the slope conductance when compared to coincident pre-and alone (5 Hz, 30 s) without inducing spiking of the postsynaptic neuron (current clamped at Ϫ70 mV) resulted in postsynaptic activity (p ϭ 0.01, Figure 3C ), which could account for the persistent reduction in the GPSC amplia persistent significant reduction of the GPSC amplitude (gramicidin: Ϫ23.9 Ϯ 15%, p Ͻ 0.001, n ϭ 5; amphoteritude. In all experiments involving coincident activity, both the total conductance and the rise time of GPSCs cin B: Ϫ22.1% Ϯ 5.3%, p Ͻ 0.001, n ϭ 11; no significant difference, p ϭ 0.6; Figure 1D ).
were unchanged. The 10%-90% rise time during the control period (2.6 Ϯ 0.9 ms; n ϭ 9) and that found 10-20 The dependence of synaptic modification on the relative timing of pre-and postsynaptic spiking was anamin after stimulation were not significantly different (99.7% Ϯ 5.1% of control values, n ϭ 9), suggesting no lyzed by plotting the percentage change in the GPSC amplitude against the time interval between the onset obvious alteration in the space clamp of the recording. Taken together, our results support the notion that there of the GPSP and the peak of the postsynaptic action potential (Figure 2 ). We found a clear elevation of the was a true shift in the E GPSC , triggered only by coincident pre-and postsynaptic activity. GPSC amplitude when postsynaptic spiking occurred within a Ϯ20 ms interval. This observation of a symmetriTo determine whether GABAergic synaptic transmission, in addition to the coincident pre-and postsynaptic cal window for modification of GABAergic synapses is in sharp contrast to that observed at glutamatergic synactivity, is required for the increase in GPSC amplitude, experiments were performed with bicuculline (10 M) apses, where the temporal order of pre-and postsyn- To further examine potential presynaptic changes in (Cabantchik and Greger, 1992), which differs from KCC2 by being insensitive to extracellular K ϩ (Thompson and transmitter release after coincident activation, we measured the paired-pulse ratio of GPSCs, which normally Gahwiler, 1989b). However, we found that in these hippocampal neurons E GPSC was sensitive to external K ϩ , reflects the release probability of the presynaptic neuron. Paired-pulse ratios (PPRs) were obtained by comand the sensitivity was blocked in the presence of furosemide ( Figure 4B ), consistent with the specific effect paring the amplitude of GPSCs produced by stimulating the presynaptic neuron with a pair of pulse stimuli. At of furosemide on KCC2. Figure 4C summarizes the effects of furosemide treatment on activity-induced an interval of 50 ms, the amplitude of the second GPSC was found to be the same as the first GPSC, resulting changes in the GPSC amplitude after coincident and noncoincident activity. The elevation of GPSC amplitude in an average PPR of 1.0 Ϯ 0.06 (n ϭ 4) during the control period. At 10-20 min following coincident spiking, the induced by coincident activity was totally abolished by the furosemide treatment. Taken together, these results PPR was 1.0 Ϯ 0.08 (n ϭ 4). The absence of any significant change in PPR does not support presynaptic support the notion that changes in the GPSC amplitude by coincident activity result from an activity-induced changes in transmitter release probability as an underlying mechanism of synaptic modification by coincident inhibition of KCC2 and a shift of E GPSC toward more positive levels. activity. difference between E GABA at the soma and E GPSC became 1989b). We found that in most neurons examined (7/9) insignificant after repetitive coincident stimulation the furosemide treatment resulted in an increase in (Ϫ61.9 Ϯ 2.7 and Ϫ61.5 Ϯ 3.1 mV, respectively, p ϭ GPSC amplitude due to a shift in E GABA toward positive 0.5). These results are consistent with the notion of a levels (from Ϫ66.2 Ϯ 2.1 to Ϫ57.1 Ϯ 4.4 mV; n ϭ 7), and higher KCC2 activity at the dendrite and the subsequent subsequent coincident pre-and postsynaptic activity reduction of KCC2 activity induced by coincident activbecame ineffective in modifying the GPSC amplitudes ity, which eliminated the somadendritic difference. we observed that there was no significant change in postsynaptic activation? We address this question of synapse specificity using triple-perforated patch-clamp E GPSC . The decrease in GPSC amplitude was accounted for by the reduction in total synaptic conductance (Fig- recordings from neurons making divergent or converging GABAergic connections. For the GABAergic presynure 5C).
Somadendritic Differences in [Cl
To exclude the possibility that the above result using aptic neuron making diverging connections with two postsynaptic cells, we found that repetitive coincident BAPTA was due to the increased Cl Ϫ exchange from the pipette to the cytoplasm by the use of whole-cell stimulation of one pair of pre-and postsynaptic neurons resulted in a significant elevation of the GPSC amplitude recordings, which are required for effective loading of BAPTA, we examined the effects of coincident pre-and for the synaptic connection between them, without affecting the efficacy of the connection made on to the postsynaptic activation on GPSCs, using whole-cell recordings in the absence of BAPTA ( Figure 5B ). We found other postsynaptic neuron ( Figure 6A ; n ϭ 5), which was voltage clamped at Ϫ70 mV during the period of that changes in the GPSC amplitude induced by coincident activity averaged 47.4% Ϯ 19.1% (n ϭ 4; Figure coincident stimulation. Repetitive coincident stimulation produced a 4.2 Ϯ 0.8 mV depolarizing shift in E GPSC at 5B), which was not significantly different from those observed using either gramicidin or amphotericin B (p ϭ the stimulated input, while E GPSC at the unstimulated input also shifted in the depolarizing direction but to a 0.6). Thus, postsynaptic spiking appears to activate a nimodipine-sensitive Ca 2ϩ influx, leading to both a shift much lesser extent (0.9 Ϯ 0.3 mV). Seven triplets with convergent GABAergic inputs onto of E GPSC and a protection against a decrease in the Cl Ϫ conductance due to repetitive synaptic activation. a single postsynaptic neuron were also examined. In 5/7 cases, we found that the increase in GPSC amplitude induced by coincident pre-and postsynaptic activation Synapse Specificity in the Activity-Induced Modification resulted in significant increase in the GPSC amplitude at the stimulated input, while the input from the unstimuIs the activity-induced shift in E GPSC restricted to activated synapses that are exposed to coincident pre-and lated neuron remained unchanged or depressed (Fig-ures 6C and 6D ). In the remaining two cases, increases in GPSC amplitude were found at both stimulated and unstimulated inputs; however, the stimulated input always underwent a larger change in GPSC amplitude ( Figures 6B and 6D ). For the convergent inputs, E GABA underwent on average a 4.9 Ϯ 1.1 mV (n ϭ 7) shift toward more positive levels at the stimulated input, while the unstimulated input also underwent a shift in the same direction but to a lesser extent (2.3 Ϯ 1.2 mV, n ϭ 7). These results suggest that activity-induced regulation of KCC2 and the consequent changes in dendritic [Cl Ϫ ] i are largely synapse specific for converging inputs, although substantial spread to the unstimulated input could occur under some circumstances, a variability that may result from differences in the relative dendritic location of the convergent inputs.
Coincident Activity Modifies GABAergic Synapses in Hippocampal Slices
In order to confirm that modification of GABAergic synapses by coincident pre-and postsynaptic activity is not a phenomenon occurring only in the culture preparation, experiments were performed in acute rat hippocampal slices (postnatal days 12 to 19). Presynaptic GABAergic neurons were stimulated with a bipolar stimulating electrode placed in S. radiatum, while gramicidin-perforated patch-clamp recordings were made from CA1 pyramidal neurons. All experiments were performed in the presence of CNQX (15 M) and D-AP5 (25 M) to block NMDA and AMPA receptors, respectively, in order to reveal GABAergic synaptic currents. The identity of GABAergic currents was confirmed on the basis of their time course, reversal potential (Ϫ50 to Ϫ90 mV), and their sensitivity to blockade by bicuculline (10 M). The spike-timing induction protocol involved injecting current pulses into the postsynaptic neuron (current clamped at Ϫ70 mV) to fire action potentials in synchrony with presynaptic activation at a frequency of 5 Hz (30 s). When the peak of the postsynaptic action potential relative to the onset of the GPSPs was set within Ϯ20 ms, a persistent increase in the GPSC amplitude was observed (21.0% Ϯ 6.5%, n ϭ 7; Figures 7A 1  and 7C ). The magnitude of the GPSC increase in response to coincident pre-and postsynaptic activity was not significantly different from that observed in hippocampal cultures described above (p ϭ 0.63; Figure 7C ). Current-voltage plots determined before and after the spike-timing induction protocol indicate that the increase in the GPSC amplitude was accompanied by a shift in E GPSC to more positive values (3.2 Ϯ 0.5 mV; n ϭ 4; Figures 7A 2 and 7D) , similar to that found in culture experiments. The decrease in slope conductance (3.2% Ϯ 4.1%, n ϭ 4) was also not significantly different Figure  7C ). Similar to the experiments performed in culture, the 7C). Similarly, we found at 35ЊC, there was a similar shift in E GPSC (4.4 Ϯ 0.5 mV, Figure 7D ) following coincident decrease in GPSC amplitude resulting from noncoincident activity protocols did not result from a significant activity, as compared to that observed at room temperature. change in E GPSC (1.4 Ϯ 0.2 mV; n ϭ 3, p ϭ 0.75; Figure  7D ). The decrease in GPSC amplitude produced by noncoincident activity was accompanied by a 4.1% Ϯ 3.4% Discussion change in slope conductance, which was not significantly different from that observed in hippocampal culIn the present study, we have demonstrated that coincident pre-and postsynaptic activity within a window of tures (p ϭ 0.3).
Neuronal excitability and the efficacy of synaptic Ϯ20 ms decreases cation chloride cotransporter activity, resulting in a shift in the E GPSC to more positive values transmission can be dependent upon the temperature of the neuronal tissue (Schoepfle and Erlanger, 1941;  and an increase in the GPSC amplitude when assayed at a level below the reversal potential. Repetitive presynTakeya et al., 2002). To determine whether the ability of coincident pre-and postsynaptic activity to modify aptic activity alone led to a reduction of the GPSC amplitude, which is mediated by a decrease in the total GABAergic synapses was temperature dependent, experiments were also performed on acute hippocampal synaptic conductance. Coincident postsynaptic spiking appears to prevent this decrease in synaptic conducslices heated to 35ЊC. At this elevated temperature, coincident pre-and postsynaptic activity produced a tance. Furthermore, the effects of coincident activity, was sensitive to external K ϩ , a property specific to KCC2, and this sensitivity to K ϩ was blocked by furosePostsynaptic Shifts in E GPSC as a Mechanism mide, consistent with a specific effect of furosemide for GABAergic Synaptic Modification on the KCC2 activity. Second, our experiments were Our data showed that coincident spiking led to GPSCs performed at a developmental stage when KCC2 exthat were more depolarizing. In a few cases, initially pression is known to be upregulated, while that of NKCC hyperpolarizing GPSCs were converted to depolarizing is downregulated ( Experimental Procedures ron was voltage clamped at Ϫ70 to Ϫ90 mV, resulting in inward GPSCs. In a few cases when the reversal potential was around Ϫ80 mV, the postsynaptic neuron was clamped at Ϫ60 mV, resulting in Cell Culture Low-density cultures of dissociated embryonic rat hippocampal outward GPSCs. Prior to the induction protocol, a minimum of 10 min of control baseline recording was performed. The induction neurons were prepared as previously described (Bi and Poo, 1998). In brief, hippocampi were removed from E18-20 embryonic rats and protocol consisted of repetitive presynaptic stimulation (100 mV step depolarization from V c of Ϫ70 mV, duration 1 ms, 5 Hz for 30 treated with trypsin for 20 min at 37ЊC, followed by gentle trituration. The dissociated cells were plated at densities of 25,000 to 100,000 s) each paired with a postsynaptic spike induced by injection of depolarizing current pulses (ϩ2 nA, 2 ms). Experiments were contincells/ml on poly-L-lysine coated glass coverslips in 35 mm petri dishes. The plating medium was Dulbecco's minimum essential meued only when a stable baseline GPSC amplitude (Ͻ10% variation) and reversal potential were observed before induction. The change dium (DMEM; BioWhittaker), supplemented with 10% fetal calf serum (Hyclone), 10% Ham's F12 with glutamine (BioWhittaker), and in GPSC amplitude resulting from the spike-timing induction protocol was calculated by comparing the average size of the GPSC 50 U/ml penicillin-streptomycin (Sigma). Twenty-four hours after plating, the culture medium was changed to the above medium amplitude between 10 and 20 min after the induction protocol to the average GPSC amplitude obtained in a 10 min baseline recording containing 20 mM KCl. Both glia and neurons are present under these culture conditions. Cells were recorded from 9 to 14 days in made prior to the induction protocol. The synaptic reversal potential of GPSCs was determined by varyculture.
ing the holding potential of the postsynaptic cell in 5 mV increments (Ϫ90 to Ϫ30 mV) and measuring the resulting GPSC amplitude.
Hippocampal Slices
To determine the reversal potential, we used linear regression to Hippocampal slices were prepared from postnatal day 12 to 19 calculate a best-fit line for the voltage dependence of GPSCs. The Sprague-Dawley rats. Rats were briefly anesthetized with halothane interpolated intercept of this line with the abscissa was taken as and decapitated. Brains were removed and submerged in ice-cold the reversal potential. The slope of the same line was then taken sucrose-CSF: 206 mM sucrose, 2.8 mM KCl, 1 mM CaCl 2 , 1 mM as the respective slope conductance. Determination of E GABA at the MgCl 2 , 2 mM MgSO 4 , 1.25 mM NaH 2 PO 4 , 26 mM NaHCO 3 , 10 mM soma was made in a manner similar to that described for the syn-D-glucose, 0.4 mM ascorbic acid, pH 7.4 when equilibrated with apse, except that GABA was puffed onto the cell body in 30 s 95% O 2 -5% CO 2 , 295 mOsmol. Transverse hippocampal slices (400 intervals (100 M, 20 ms, 5 psi) through a micropipette ‫2-5.1ف(‬ M⍀) M) were cut using a Vibratome 3000 sectioning system (St. Louis, with a Picospritzer II (Parker Instrumentation). In the present study, MO). Slices were transferred to a holding chamber (for a minimum the amplitude of GPSCs was in the range of 50-400 pA. Therefore, of 1.5 hr) where they were maintained in continually perfused oxywe estimate that per presynaptic action potential, release occurred genated (95% O 2 -5% CO 2 ) artificial CSF: 124 mM NaCl, 2. Acute Hippocampal Slices using amphotericin B, the pipettes were tip filled with internal solu-A bipolar stimulating electrode placed in the S. radiatum was used tion (K-Gluconate, 154 mM; NaCl, 9 mM; MgCl 2 , 1 mM; HEPES, to activate interneurons (100 s, 5 V, 0.05 Hz). Whole-cell perforated 1 mM; EGTA, 0.2 mM) and then back filled with internal solution patch recordings using gramicidin were made from CA1 pyramidal containing amphotericin B (150 to 220 g/ml, Calbiochem). Experineurons (gramicidin and internal solution were prepared as dements using gramicidin were tip filled with an internal solution of scribed above). Recordings were made with Kimax-51 electrodes 150 mM KCl and 10 mM HEPES, and back filled with this internal with a tip resistance of ‫6ف‬ M⍀. The external bath solution was the solution containing gramicidin (25 g/ml). For experiments using same as the aCSF that the slices had been maintained in, with the BAPTA loading into the postsynaptic cell, breakthrough whole-cell addition of 10 M CNQX and 25 M D-AP5. The bath solution was recordings were made. In these experiments, the internal solution oxygenated with 95% O 2 -5% CO 2 and continually perfused at a was modified (K-Gluconate, 100 mM; BAPTA, 30 mM; KCl, 15 mM; rate of 2 ml/min and, in some experiments, heated to 35ЊC with an NaCl, 5 mM; EGTA, 0.5 mM; HEPES, 10 mM; Mg-ATP, 2 mM). The automatic temperature controller (Warner Instruments). The neurons external bath solution was a HEPES-buffered saline (HBS: NaCl, were visualized with a CCD camera (Hamamatsu). Recordings were 150 mM; KCl, 3 mM; HEPES, 10 mM; CaCl 2 , 3 mM; glucose, 5 mM; performed with patch clamp amplifiers (Axopatch 200B; Axon Inc.), MgCl 2 , 2 mM). The bath was constantly perfused with fresh recording and data were collected and analyzed in similar manner as that medium at a slow rate throughout the recording, and all experiments described above for hippocampal cultures. were performed at room temperature. The neurons were visualized by phase-contrast optics (Nikon Diaphot).
